Abstract: Atmospheric transport model FRAME has been used in this study to estimate the influence of precipitation on the patterns of wet deposition of oxidised sulphur, oxidised nitrogen and reduced nitrogen in Poland during the years 1981-2005. A constant wind and emission data and year-specific spatially interpolated precipitation data was used in the model. The results show that the correlation coefficient between mean annual precipitation totals and mean wet deposition is above 0.9 for all examined compounds. The spatial patterns of pollutant deposition are similar for all years, with the north-western part of Poland receiving the lowest and the southern, mountainous part, the highest pollutant load. The largest precipitation-induced changes in wet deposition budgets are observed for oxidised sulphur (53% of the average amount between wet and dry year), and smaller for oxidised and reduced nitrogen (30%). Inter-annual precipitation changes cause large variations in the amount of wet deposition of pollutants. This means that the emission abatements may not cause immediate environmental effects, eg reductions in deposition of pollutants and, further ecosystems areas of exceeded critical loads.
Introduction
Deposition of sulphur and nitrogen compounds is considered a major environmental issue -especially in Europe, where its effects were first observed. Deposition of acidifying and eutrophying compounds in Europe has significantly decreased over the last few decades [1, 2] . Total deposition of oxidized sulphur and oxidized nitrogen dropped by 45% and 22%, respectively, during the period 1980-2009. Deposition of reduced nitrogen, however, showed only 4% decrease [1] . These reductions are mainly a result of emission abatements. Due to technological development in industry and switching fuels from coal to oil and gas, emissions of SO 2 and NO x have dropped significantly [3, 4] . In Poland, economic changes in the early 90s also had a positive feedback on air quality [5, 6] . Thanks to the Convention on Long-Range Transboundary Air Pollution (CLRTAP) and the following protocols, which enforced further emission abatements and established long-term emission ceilings, the problem of acid deposition has reduced in importance in recent years, and the area with deposition exceeding critical loads for acidity has been significantly decreased [7] . On the other hand, the changes in emissions of reduced nitrogen (NH x ) are small and further reductions are difficult to implement. Its main source is agriculture, both animal husbandry and crop cultivation, therefore abatements would carry significant economic costs.
The removal of pollutants from the atmosphere can occur in one of two ways: by wet deposition or dry deposition. Wet deposition is the process of washing out pollutants from the air by precipitation or cloud droplets, while dry deposition represents the collection of particles on receptor surfaces without the presence of hydrometeors [8] . Erisman et al [9] estimates that about 80% of pollutants deposited in Europe is a subject to wet deposition. In the temperate, transitional climate of Poland, with a considerable amount of precipitation, the process of wet deposition also encompasses the majority of total (wet and dry) national deposition budget. The EMEP-Unified model estimates that in year 2005, 303 Gg of oxidized sulphur, 151 Gg of oxidized nitrogen and 215 Gg of reduced nitrogen was deposited in Poland. Over 65, 69 and 61% of these totals, respectively, were a due to wet removal. Similar numbers are provided by the FRAME model results. It estimates that 58% of oxidized sulphur and 61% of oxidized nitrogen was removed from the atmosphere by wet deposition. Studies carried out in Poland show that there is little year-to-year variability in dry deposition. Wet deposition, on the other hand, varies greatly, and the changes are consistent with precipitation variability [10] . Additionally, spatial and temporal patterns of wet deposition are not consistent with emissions [11, 12] . This indicates that rainfall is an important factor influencing wet deposition.
In this paper the Fine Resolution Atmospheric Multi-Pollutant Exchange model (FRAME) is applied to estimate spatial distribution of wet deposition of oxidized sulphur, oxidized nitrogen and reduced nitrogen in Poland for the years 1981-2005. The main aim of this study is to assess the role of precipitation in altering inter-annual variability of wet deposition of sulphur and nitrogen compounds. The model results are evaluated and compared with measurements for the reference year 2005. The differences between spatial distribution of wet deposition of sulphur and nitrogen in years with high and low precipitation totals are analyzed and wet deposition budgets are compared. The correlation between wet deposition budgets and annual precipitation sums is examined.
Data and methods

Description of the FRAME model
The Fine Resolution Atmospheric Multi-pollutant Exchange model is used for estimation of the spatial distribution of wet deposition of oxidised sulphur, oxidised nitrogen, and reduced nitrogen [13] [14] [15] . FRAME is a statistical Lagrangian trajectory model used to estimate air concentrations and deposition of atmospheric pollutants. The model domain covers the area of Poland with a domain size of 160 x 160 grids of 5 km x 5 km resolution. Vertically the air column has a height of 2500 m and is divided into 33 layers with thickness varying from 1 m at the bottom of the domain to 100 m at the top of the mixing layer. Emission from point sources is treated with the plume rise model, and detailed information on stack parameters is provided [16] . The emission from area sources is injected into the first (in case of road traffic and agriculture) or the bottom three layers (in case of the remaining emission sectors). Pollutant concentrations at the edges of the domain are calculated using a larger scale model, FRAME Europe, with horizontal resolution of 50 km x 50 km covering the entire Europe.
Horizontal advection of the air column across the domain occurs along a set of straight-line trajectories with angular resolution of 1°. The advection is dependent on wind speed and wind frequency roses, derived from radiosonde data measured at eight stations: Wroclaw, Legionowo, Leba (all three sites located in Poland), Greifswald, Lindenberg (both in Germany), Prague (Czech Republic), Poprad (Slovakia) and Kiev (Ukraine) [10] . Wind roses are based on the method proposed by Dore et al [17] , with radiosonde data taken from above the friction layer (750-700 hPa) and annual harmonic mean wind speed calculated for each wind direction. In this paper, wind roses for the year 2005 were used in all simulations, as this year was used as the reference year and to analyse only the role of precipitation on wet deposition of sulphur and nitrogen.
The chemistry module includes a set of gas-phase and aqueous phase reactions, including oxidation and photodissociation of oxidized sulphur and oxidized nitrogen, and transformation of reduced nitrogen into ammonium sulphate and ammonium nitrate. Dry deposition velocity is calculated individually for each of the five land use classes: forest, grassland, moorland, arable and urban. These categories are derived from Corine Land Cover database. In the case of wet deposition, a constant drizzle approach is implemented, assuming that precipitation is equally distributed in time. Gridded information on rainfall is derived from data from meteorological stations, in the form of spatially interpolated annual precipitation maps. In mountainous regions, the seeder-feeder mechanism is incorporated in the FRAME model. This phenomenon involves washing out cloud droplets from orographic cloud (the "feeder" cloud) by rain from upper level cloud. Due to higher pollutant concentration in feeder clouds, pollutant washout is significantly enhanced by this mechanism. It is estimated that seeder-feeder effect is responsible for a 50% increase in pollutant washout. This assumption is supported by measurements performed in Poland and other countries [18] .
Emission data
Emission from point sources is provided from EPER and KASHUE databases. Data from the remaining sources was derived from the national emission inventory [19] using the methodology proposed by Kryza et al [20] . Total emissions of oxidized sulphur, oxidized nitrogen and reduced nitrogen in 2005 were 661, 357 and 346 Gg, respectively. The main source of SO 2 in Poland in year 2005 was the energy industry (71% of total SO 2 emission in 2005), residential heating (18%) and combustion processes in industry (9%). In case of nitrogen oxides, road transport contributed by 42% to total annual emission in Poland, energy production industry by 34%, and domestic heating -9%. The majority of ammonia emissions comes from agriculture (97%). Nearly 75% of this is due to animal breeding and the remaining part is caused by fertilizer application.
Precipitation data used in the model
The role of precipitation on wet deposition is the main issue of this paper. Precipitation data used in the model is derived from annual totals measured at about 250 meteorological stations in Poland for the period 1981-2005. Point data was spatially interpolated using a modified ordinary kriging method, supported by the high resolution map of the long-term annual average precipitation. The long-term annual average precipitation (LTAP) map was developed from spatially interpolated data from ca. 2500 measurement sites for the period 1961-1980. For each year of the 1981-2005 period, point measurements of annual precipitation totals for a given year and each station were divided by LTAP data at station location. The calculated relative values of annual rainfall for a given year were then spatially interpolated using ordinary kriging [21] , available through an R statistical package [22] . The interpolated data was then multiplied by long-term mean values of the LTAP map, using open-source GRASS GIS software [23] . This approach assured that the homogenous information on precipitation is used over the entire period, and the details of the spatial distribution of rainfall, available through LTAP (based on measurements from ca. 2500 sites) are preserved, despite the relatively small number of precipitation measurements.
Spatial information on precipitation was evaluated with the leave-one-out cross validation method. For a given year, each time one station was removed from the interpolation subset. For the location of the removed station, precipitation was interpolated with the remaining data, and the interpolation error was calculated as the difference between measured and estimated precipitation. The procedure was repeated for all stations in a given year. The interpolation error was summarized for each year using root mean square error statistic (RMSE). The RMSE values related to mean annual precipitation are shown in Figure 1 . In most cases RMSE does not exceed 0.15 (15%) of mean precipitation amount in a given year. The exception is year 1997, when it is close to 0.17, and 1991. The lowest RMSE is for 1981 (0.1). There is no statistically significant correlation between annual mean precipitation in Poland and interpolation error quantified by the RMSE statistic. For comparison, systematic error in measurement of precipitation by rain gauges is typically between 2-10% for rain and above 20% for snow [24] . 
FRAME model evaluation
For the reference year 2005, for which the actual meteorological and emission data was used, the modelled wet deposition was compared with measurements collected at 25 Polish stations operated by the Institute of Meteorology and Water Management, and two sites located in Germany and Czech Republic. All sites were equipped with wet-only collectors and meet EMEP and World Meteorological Organization recommendations on wet deposition sampling. The model error for each station is calculated as the difference between the modelled and observed wet deposition. The errors are summarized with the commonly used statistics: mean bias (MB) and mean absolute gross error (MAGE) [25] and presented on the scatterplots (Fig. 2) . The Pearson correlation coefficient is also provided on the scatterplots, together with the linear regression equation between modelled and measured wet deposition.
The modelled wet deposition of sulphur and nitrogen compounds is in overall good agreement with the measurements, with the Pearson correlation coefficient above 0.85 for oxidized sulphur and nitrogen and 0.75 for reduced nitrogen. Large overestimations of the observed wet deposition values are calculated for Kasprowy Wierch (Tatra Mts) for all chemical species. This was previously linked with the seeder-feeder effect parameterization applied [20] . There is no general tendency of the model for over or underestimation of the observed wet deposition, with the MB statistic close to zero for all chemical species considered. The average errors, described by MAGE, are 1.4, 0.6 and 1.0 kg N or S ha -1 year -1 for wet deposition of SO x , NO y and NH x , respectively.
Assessment of the role of annual precipitation changes on wet deposition budget in Poland
In order to assess the role of precipitation on spatial distribution of sulphur and nitrogen wet deposition, constant emission, wind speed, and wind frequency information was used for all simulations performed for years 1981-2005. For a model run for a given year of the analysed period, year specific precipitation was used, which was the only factor that was being changed, and therefore responsible for changes in wet deposition. With this approach, it was possible to quantitatively assess the role of precipitation alone on wet deposition in Poland. With the long term precipitation data used in this study, it was also possible to cover the large range of natural year to year precipitation variability and, therefore, quantify the rainfall-induced (ie independent from human activity, eg emission abatements) variation in wet deposition in Poland.
The annual national wet deposition budget for Poland (NWDB; total mass of wet deposited pollutants in Poland) was calculated for sulphur and nitrogen compounds for all years separately. The range of precipitation-induced changes in NWDB was calculated for all chemical species considered. Correlation between the NWDB and the annual country average precipitation (derived from precipitation maps) was calculated, based on simulations for the entire period. This was performed to quantitatively describe the relation between the annual precipitation and NWDB.
From the set of interpolated precipitation maps for the period 1981-2005, years with the lowest, average and highest mean precipitation totals were selected for presentation and detailed analysis. Precipitation data from these years was then compared with wet deposition maps in search for common features. Spatial patterns of wet deposition for the selected reference (2005), dry and wet years are presented for sulphur and nitrogen compounds. The grid to grid correlation coefficient was calculated to quantify the changes in spatial pattern of SO x , NO y and NH x deposition between the reference, dry and wet year in terms of annual precipitation in Poland.
Results
The results are organized as follows. First, the spatial patterns of annual rainfall in Poland are discussed for the reference year (2005) and compared with the selected dry (1982) and wet (2001) years. Following, the results of wet deposition modelling with the FRAME model for reference, dry and wet years are presented, and precipitation-induced changes in deposition are analysed spatially. Finally, the changes in national deposition budget for the period 1981-2006 are shown in terms of the year to year variation in annual precipitation in Poland.
Spatial patterns of annual precipitation and wet deposition of sulphur and nitrogen
The highest annual precipitation in the reference year 2005 was calculated for the mountainous areas in the south of Poland (Fig. 3) . For the several grid squares in the Tatra Mts. and Sudety Mts., the maxima exceeded 1500 mm. The hilly region of northern Poland was the area with the second highest average annual precipitation. The lowest annual precipitation is characteristic for central Poland, and for large areas does not exceed 500 mm. In a dry year, wet deposition of all of the analysed chemical species have the highest values in the southernmost, mountainous part of Poland (Fig. 5) . Wet deposition of reduced and oxidized nitrogen in the region exceeds 5 kg N ha -1 yr -1 and 4 kg N ha -1 yr -1 , respectively. Large sulphur deposition is also calculated for the emission source areas, the Upper Silesia region and small areas in central Poland, in the vicinity of large cities and large coal fired power plants. In hilly areas in the south, high precipitation totals and the seeder-feeder effect are responsible for the increased deposition of pollutants in both dry and wet years. Acidifying pollutants are easily dissolved in cloud water and can be transported both in clouds and as aerosol particles for long distances until they are removed from the atmosphere by precipitation.
The lowest wet deposition of all chemical species considered in the dry year 1982 were calculated for the north-western part of the country. This results from both relatively small precipitation amounts (not exceeding 400 mm yr -1 ), combined with the absence of large emission sources, especially for oxidised sulphur and nitrogen, and the prevailing wind direction (west), which brings relatively unpolluted air from the Atlantic Ocean and Baltic Sea. Wet deposition in the north and northwest part of Poland is below 2.5 kg S ha -1 yr -1 of oxidized sulphur, 2.2 kg N ha -1 yr -1 of oxidized nitrogen and 2.6 kg N ha -1 yr -1 of reduced nitrogen, if the dry year is considered (Fig. 5) . In the wet year (2001), the wet deposition is considerably higher than calculated for the dry and reference years. The wet deposition of oxidized sulphur exceeds 7 kg S ha -1 yr -1 over considerable area of Poland, including the centre, south and southeast (Fig. 5) . Also the hilly regions in the north of Poland suffer from elevated deposition rates due to aboveaverage precipitation. With a constant amount of pollutants injected in the atmosphere and higher precipitation, the washout rate is more efficient and more pollutants are removed from the atmosphere, both by rainout and washout mechanisms. Despite the differences in total mass of wet deposited sulphur and nitrogen, the spatial patterns of wet deposition are similar in the reference, dry and wet years (Figs. 4 and 5) . Changes in spatial distribution are especially small for sulphur deposition, with the grid to grid correlation coefficient at 0.95, even if dry and wet years are directly compared ( Table  1 ). The largest changes in spatial distribution of wet deposition due to precipitation are for reduced nitrogen, however, the grid to grid correlation between the reference, dry and wet years are still above 0.88 and statistically significant. The less linear response of nitrogen deposition to changes in precipitation may be due to the sensitive chemical equilibrium reaction between nitric acid and ammonia gas to form ammonium nitrate aerosol. 
Changes in national wet deposition budget
For the reference year 2005, the total mass of wet deposited sulphur is 156.3 Gg S. For the oxidized and reduced nitrogen, the respective values are 95.0 and 121.7 Gg N. The average mass of wet deposited sulphur and nitrogen compounds, calculated with the FRAME model for the period 1981-2005 is 156.2 Gg S, 96.5 Gg N and 124.1 Gg N for oxidised sulphur, oxidised nitrogen and reduced nitrogen, respectively. The variability of deposition budgets is presented in Figure 6 . The largest precipitation-induced changes in the 1981-2005 period are for wet deposition of sulphur, with the standard deviation at 16.7. For the nitrogen compounds, the respective standard deviations are 8.2 for NH x and 7.3 for wet NO y . The range (max NWDB -min NWDB) is at 30% of the 1981-2005 average deposition of nitrogen compounds, and is significantly higher for sulphur (53%). The year-to-year deposition changes of NWDB are closely related to precipitation variability. The correlation coefficient between precipitation and deposition of each of the three species is above 0.9, showing a very strong connection (Fig. 2) . The changes in wet deposition in dry and wet years compared with the reference year are, however, smaller than changes in precipitation. Total rainfall in wet and dry years is 114% and 73% of the reference year, whereas deposition of all analysed species is about 115% for the wet year and 82% in the dry year. The difference between the change in precipitation and deposition in dry year could be due to higher concentrations of pollutants in the atmosphere in years with lower precipitation, as the decreased precipitation increases aerosol loading in the atmosphere. Fig. 6 . Wet deposition budgets of oxidized sulphur, oxidized nitrogen and reduced nitrogen in Poland modelled by FRAME and mean annual precipitation totals
Summary and conclusions
The FRAME model has been applied in this study to assess the role of precipitation in wet deposition of oxidised sulphur, oxidised nitrogen and reduced nitrogen in Poland. This was done by performing 25 annual simulations for which constant emission and wind data were used, and the only factor that was changed was precipitation.
Both the spatial pattern and national deposition budget were found to be strongly correlated with the year to year changes in precipitation. The highest loads of acidifying and eutrophying pollutants were calculated for the regions with high precipitation sums. It was also found, that the general spatial pattern of wet deposition does not change significantly, even if the country average annual precipitation change. The regions of increased wet deposition of sulphur and nitrogen are permanently affected by elevated loads of sulphur and nitrogen in average, dry and wet years in terms of country averaged annual rainfall. The areas of above average wet deposition, eg mountains in the south of Poland, are often the regions with ecosystems of low resistance to acid and eutrophic deposition, eg coniferous forests, therefore this finding is of importance in terms of long term ecosystem protection in Poland [26] .
The results presented in this paper show that even with constant emission, national wet deposition budget of sulphur and nitrogen compounds may vary greatly, depending on year to year changes in precipitation. This further means that emission abatements may not be immediately detected as measured decreases in pollutant deposition. As a result, despite the national or international emission abatements, the critical loads may still be exceeded in some areas, which needs to be constantly monitored. This is of special importance concerning two issues. First, slower trends in emission abatements than in eg early 1990s, both in Poland and in entire Europe, means that the natural changes in meteorological conditions may be the main reasons for inter-annual variation in deposition of acidifying and eutrophying pollutants. Second, the dynamics of year to year changes in meteorological condition is expected to increase, due to changes in global climate. These results reinforce the need for long term monitoring programmes to detect environmental change caused by input of pollutants to natural ecosystems by precipitation.
